Animals communicate with their whole bodies, so their signals can be complex and multimodal. The joint intelligibility of multimodal signal components depends on their temporal coordination, which, when only one signaler is involved, depends on the synchronization between the different modalities of signals involved. Coordination is a challenge, however, in cooperatively signaling species because it requires continuous monitoring of the partner's behavior. Previous research showed that vocal coordination between cooperating individuals increases the perceived threat of the display; little is known, however, about the influence of multimodal coordination on the communication behavior of receivers to cooperative displays. I tested the function of multimodal coordination in the duets of the Australian magpie-lark Grallina cyanoleuca. I used a male-female pair of robot models to manipulate the temporal coordination between individuals and between sensory modalities. Precise coordination of the vocal and visual components of duets increased the perceived territorial threat of these joint displays. However, displays coordinated between individuals but not between modalities, and displays coordinated between modalities but not between individuals, were less effective, suggesting that the lack of coordination in one channel cancels benefits of coordination in the other. This study shows that multimodal coordination within individuals, in addition to coordination within modalities between individuals, enhances the perceptual integration and efficiency of avian duets.
INTRODUCTION
The acoustic signaling of many animals is linked with conspicuous body movements (Dantzker et al. 1999; Cooper and Goller 2004; Leavens et al. 2004; Ręk 2012; Preininger et al. 2013) . The concurrent use of different sensory modalities improves the level of signal detection from its background, the discrimination among different signal variants, and how easily the signal is learnt and remembered by receivers (Rowe 1999; Ghazanfar et al. 2005; Kulahci et al. 2008) , whereas incongruency across sensory modalities leads to crossmodal conflicts, multisensory illusions, and response depression (Talsma et al. 2010) . In humans, for example, vocal expressions are naturally produced with specific concomitant movements of the face, which reduces speech ambiguity (Meredith et al. 1987; Ghazanfar et al. 2005) . Because voices and lip movements are physically linked, even small modifications have a deteriorating effect on reception of the message (Talsma et al. 2010 ).
The components of multimodal signals are often highly coordinated but not necessarily physically constrained (Fusani et al. 1997; Williams 2001; Dalziell et al. 2013) . In many bird species, a malefemale pair produces songs and movements that can be precisely combined in many configurations, creating complex and well-organized audio-visual dances (Todt and Fiebelkorn 1980; Malacarne et al. 1991; Hall 2009; Ręk and Magrath 2016) . Partners of the rufousnaped wren, Campylorhynchus rufinucha, for example, combine multiple types of songs and body movements in a coordinated fashion (Bradley and Mennill 2009) . Movements such as these have been suggested to improve vocal coordination within a pair (Ręk and Magrath 2016) an important parameter of coalition quality (Hall and Magrath 2007) . The movements' diversity and superb match with the songs suggest, in turn, that both components signal jointly to other pairs. We know very little, however, about how different components of a cooperative multimodal signal interact to produce a coherent message.
Audio-visual coordination could be used to enhance the efficacy of the duet. First, because individuals of duetting species sometimes sing "pseudo-duets" by mimicking their partner's contribution (Todt and Fiebelkorn 1980; Todt et al. 1981 ; Ręk and Magrath 2017), movements closely coordinated with songs might be particularly useful in linking songs with signalers and partners within a coalition (Van der Burg et al. 2008) , thereby enhancing the cooperative signal honesty (Ręk and Magrath 2017) . Second, multimodal coordination might be of strategic use for cooperating signalers. Previous studies showed that vocal duetting requires much practice to achieve a high level of temporal coordination; thus, pairs differ in the quality of their displays (Hall and Magrath 2007; Rivera-Cáceres et al. 2016) . A high-quality signal consisting of multimodal components could be even more challenging and therefore available to only a fraction of better quality or more experienced pairs. Overall, as long as audiovisual coordination is not constrained by some physiological mechanism (Cooper and Goller 2004; Hoepfner and Goller 2013) , and it is costly to achieve harmonious multimodal duets, multimodal coordination in cooperative signals could be a source of valuable information about signalers' quality.
I examined the integration of vocal and visual components within the audio-visual duetting display of the Australian magpielark Grallina cyanoleuca. The use of visual displays together with the vocal duetting behavior of birds has been studied rarely and almost never experimentally (Ręk and Magrath 2016 ), yet such complex behavior may be more widespread than previously recognized. In fact, many duetting displays studied repeatedly as purely vocal have distinct visual components (Bradley and Mennill 2009; Koloff and Mennill 2013) . I combined vocal duet playback with the presentation of taxidermic robotic models that produced wing movements and tested whether audio-visual coordination enhances the receiver's responses during territorial interactions in this species. A previous study showed that well-coordinated vocal duets prompt stronger responses than uncoordinated duets (Hall and Magrath 2007) . However, almost all magpie-larks' duets are accompanied by coordinated movements (Ręk and Magrath 2016) , and it is unknown how the temporal relationship between the 2 channels affects the function of this complex signal and the efficacy of its components. I expect to find a higher response towards displays coordinated multimodally if the multimodal coordination signals individual or pair quality (Table 1) .
METHODS

Study species
I studied a color-banded population of Australian magpie-larks near the campus of the Australian National University in Canberra (11 March to 1 April 2015). Magpie-larks are common Australian passerine birds, inhabiting open woodland and suburban parks and gardens (Mulder et al. 2003; Peter et al. 2006) . Males and females can be easily sexed in the field on the basis of plumage differences (Peter et al. 2006) . They maintain pair-bonding and defend territory throughout the year (Hall and Magrath 2000) .
Males and females produce displays consisting of songs and body movements, with the 2 components typically carried out together in rapid alternation (Peter et al. 2006; Ręk and Magrath 2016) . The songs consist of a series of short notes (300-600 ms long) produced independently or in duets in which the male and female sing notes in alternation. Duets can be initiated by either sex with partners alternating their notes on average 6 or 7 times (Hall 2006) . Individuals have a repertoire of approximately 3-6 different song types, each typically composed of a single, repeated note (Hall 2006) . Duets are more threatening than solos (Hall 2000) , and duets with precisely coordinated songs are more threatening than uncoordinated duets (Hall and Magrath 2007) . The movements are very stereotyped and most often they consist of rising of outstretched wings (76%) and less often of rising of folded wings or bending the body forward and backward (Ręk and Magrath 2016) .
Notes and movements within duets are independent. Although almost all duets are accompanied by coordinated movements, a small fraction of duets are purely vocal or purely visual (Ręk and Magrath 2016) . Songs and movements can be combined with each other in practically all combinations; however, the male and female usually use the same movement type (96%) but different notes (98.4%) within a duet, suggesting that partners look at each other to choose their display (Ręk and Magrath 2016) . In coordinated duets, movements of the male and female are given out of phase with each other, so that the maximum of one bird's display meets with the minimum of the other bird's display, and song notes start a few milliseconds after corresponding movements. In uncoordinated duets all these rules break to some degree, so that notes may overlap and movement may start after the song notes (Ręk and Magrath 2016) .
Experimental setup
I performed 3 experiments with 2 treatments each to test how birds respond to multimodal duets coordinated acoustically and visually between individuals and audio-visually within an individual. A between individual coordination (either vocal or visual) was defined as the mean standard deviation (SD) of reaction times (time between the start of the male and successive female contributions) of the male and female within a duet. For multimodal coordination within one individual, the reaction time was replaced with the time between the start of a note and the corresponding movement of an individual.
The temporal arrangement of songs and movements varied among treatments and was adjusted to 4 patterns ( Figure 1 , Table 1 The juxtaposition of possible outcomes for experimental treatments with their interpretations Possible outcome Conclusion
T1 ≈ T4 > T2 ≈ T3
Multimodal coordination within individuals is more important than coordination between individuals.
2.
T1 ≈ T2 > T3 ≈ T4 Visual coordination between individuals is more important than acoustic coordination between individuals.
3.
T1 ≈ T3 > T2 ≈ T4 Acoustic coordination between individuals is more important than visual coordination between individuals.
4.
T1 ≈ T2 ≈ T3 > T4 Coordination between individuals regardless of modality is more important than multimodal coordination.
5.
T1 > T2 ≈ T3 ≈ T4 Individuals respond to coordination between individuals and between modalities.
See methods and Figure 1 for detailed description of treatments. T1-fully coordinated T2-visually coordinated (uncoordinated multimodally) T3-acoustically coordinated (uncoordinated multimodally) T4-fully uncoordinated (coordinated multimodally).
Supplementary Movies 1-4). These adjustments were within the measured extreme values of magpie-lark multimodal displays (average reaction times for vocal and visual displays were 0.50 s). In the models' fully coordinated displays (T1), coordination between individuals (vocal and visual) as well as multimodal coordination were high (SD < 0.005 s). The movement started a few milliseconds before the acoustic playback of the initiator and continued for 0.5 s up and 0.5 s down (Figure 1 , T1). The responder started its wing movement when the initiator's wings reached the top of their movement range and continued the movement up and down and with its song identically with the movements of the initiator. This sequence continued 3 times, for a total of 6 movements and 6 notes. In duet playbacks that were coordinated only visually (Figure 1 , T2), visual coordination was high (SD < 0.005 s) and acoustic coordination was low (SD > 0.1 s). Consequently, multimodal coordination within individuals was also low (SD > 0.05 s). Correspondingly, in duet playbacks that were coordinated only acoustically (Figure 1 , T3), vocal coordination was high (SD < 0.005 s), visual coordination was low (SD > 0.1 s), and multimodal coordination was low (SD > 0.05 s). Finally, in the models' fully uncoordinated displays (T4), songs and movements were equally uncoordinated between individuals (SD > 0.1 s), and equally coordinated multimodally within individuals (SD < 0.005 s). Each treatment involved a male-female pair of taxidermic robotic birds and an acoustic playback. As in natural displays, the male and female robots carried out the same type of movements, and it was the most common wing spreading movement that was used in all stimuli (Ręk and Magrath 2016) .
Each experiment compared the fully coordinated treatment (T1) with one type of uncoordinated treatments (T2 or T3 or T4) but it was the comparisons across all treatments that were used to make predictions (Table 1 ). In the first experiment, movements were highly coordinated between individuals during both treatments, whereas songs were coordinated in one treatment and uncoordinated in the other (Figure 1 , T1 and T2, Supplementary Movies 1 and 2). In the second experiment, the songs were coordinated during both treatments, whereas movements were coordinated in one treatment and uncoordinated in the other (Figure 1, T1 and T3, Supplementary Movies 1 and 3) . The partial uncoordination between individuals in both experiments means that songs and movements were uncoordinated within individuals. In the third experiments, both songs and movements were either coordinated or uncoordinated between individuals during 2 treatments. At the same time, songs and movements were always coordinated within individuals (Figure 1, T1 and T4, Supplementary Movies 1 and 4).
Field methods
Each experiment involved the same 12 pairs of birds, with a minimum of 4 days between consecutive experiments with a pair. The experiments consisted of 2 treatments carried out on the same day with a pair. Given the subtle differences between treatments (Figure 1 ), such a scheme aimed at maximum precision of individual comparisons. The order of treatments and experiments was balanced by design with respect to the pair and sex of the duet initiator to avoid confounding effects of order or carry-over. Each treatment lasted 10 min. During the first 4 min, the birds received ten playbacks (Figure 1) . Playbacks started at 0, 20, 40, 60, 90, 120, 150, 180 , 210, and 240 s and consisted of 3 pairs of male's and female's notes and 3 pairs of male's and female's wing movements. Treatments were carried out from the center of the birds' territory. Playbacks were initiated only if the partners were within 25 m of the models, if the partners were within 2.5 m of each other, and were not engaged in any interaction with neighbors.
I used a pair of magpie-lark robotic models. The models used taxidermic skins, so the color, pattern, and surface texture were realistic, and servo motors (Power HD: Analog Micro Servo HD-1440A) attached to the humeri of the wings to enable the outstretched wings to be moved up and down, as in the most common visual display (Ręk and Magrath 2016) . Recent research showed that magpie-larks respond more intensively to acoustic playbacks if combined with such wing movements (Ręk and Magrath 2017) . To precisely control the movements of the robotic birds and synchronize them with the acoustic playbacks, I used a circuit board based on the Arduino platform (Arduino Micro; http://www.arduino.cc). The models were attached to a perch next to each other and facing the same direction, so that they resembled a duetting pair, and were enclosed in a cage covered with black fabric netting for protection.
The acoustic playbacks were broadcast at natural amplitudes of 66-70 dB SPL at 10 m (Ręk and Magrath 2016) from a Mipro MA-101A amplified loudspeaker (45 W, frequency range 60-15,000 Hz) placed near the robotic models. They lasted approximately 3.0 s and were synthesized from antiphonal duets, with the timing standardized for a given playback type and with male and female notes alternating, as in natural duets (Figure 1 ). Such manipulations required either shortening or lengthening of silent pauses between consecutive notes to match precise timing of playbacks (range of changes = ± 0.3 s), but they had little effect for the length of the whole sequences. I used recordings from 12 local pairs (from the same population) that were unfamiliar to the subjects (recorded 2-3 km away) and selected 6 duets from each pair without overlapping of male and female songs. Each duet was used in playbacks in one treatment to a different pair. The recordings for the playbacks were made with a Sennheiser ME66 microphone connected to a Canon XA20 HD Camcorder (PCM, 48 kHz, 16 bits) and edited using Avisoft-SASLab Pro software.
Data collection and ethics
I measured individual-level behaviors and cooperative responses by pairs. In magpie-larks, territorial intrusion elicits a behavioral defense syndrome consisting of both singing (mostly duetting) and flying toward the intruder (Hall 2000; Ręk and Magrath 2016) . I counted the number of songs initiated by males and females, including solos and duets initiated by each individual, and the number of duets produced by a pair. Solo songs and duet initiations represent individual-based behaviors that are a proxy of territorial response of individuals, whereas duets are defined by a response to the partner's song, and thus they represent a proxy of cooperative territorial defenses. Song rate, particularly of males, is the most sensitive measure of response to territorial threat in magpie-larks (Hall 2000; Ręk and Magrath 2016) . In addition to vocal responses, I measured the latency to first flight toward the robotic birds during the first 20-s interval between playbacks. Because all these flights were performed by pairs, and not by single birds, flights along with duets were assigned to cooperative responses. The use of the animals adhered to ethical guidelines for animal research in Australia (Australian Bird and Bat Banding Scheme, Environment ACT) as well as all the institutional guidelines of the Australian National University (ANU Ethics Committee: A2014/17).
Statistics
I used generalized estimating equations (GEE) to analyze the responses of birds to multiple treatments. The results from the fully coordinated treatments present in each experiment were not pooled but instead were individually compared with the corresponding treatments in each experiment (Figures 2 and 3: T1a with T2, T1b with T3, and T1c with T4). First, I analyzed the responses of individuals. The number of song initiations by individuals (sums of solo songs and duet initiations) was used as the dependent variable, and sex (M, F), experiment (1, 2, 3), and treatment (T1a, T1b, T1c, T2, T3, T4) were used as independent factors. Second, I analyzed the cooperative responses of pairs. This time, the number of duets produced by a pair and the cooperative flying were used as the dependent variables, and experiment and treatment were used as independent factors. Since birds tended either to fly toward the robotic models quickly or not approach at all, the latency to first flight response variable was bimodally distributed. The statistical analysis enabled comparison among treatments within and between experiments because the experiments involved the same 12 pairs, tested 6 times each, in a fully balanced design. Apart from the covariance structure of repeated measures in the GEE, the effect of order of treatments was included as a separate factor for each model, but removed each time given the lack of significance and higher information criteria of models with versus without the order T1a  T1b  T1c  T2  T3  T4   T1a  T1b  T1c  T2  T3 effect. Fisher's LSD method was used in the GEE analyses to create confidence intervals for the differences between treatment means. was used to analyze all data.
RESULTS
Magpie-larks responded differently to coordinated and uncoordinated duets. Both males and females initiated more songs in response to fully coordinated treatments than to treatments that were uncoordinated in one or both modalities (Table 2 ; Figure 2 ), suggesting that full coordination created the strongest signal. Overall, females initiated less songs than males but this effect was marginally insignificant and independent of the experiment and treatment (Table 2; Figure 2 ). Similarly to song initiations, pairs produced more duets and were more likely to fly toward the model birds in response to coordinated treatments than to all uncoordinated treatments (Table 3 ; Figure 3) ; again supporting the importance of coordination. Playbacks that were precisely coordinated in terms of either movements or songs without coordination in the other channel (uncoordinated multimodally) did not increase the perceived territorial threat of the display relative to playbacks that were uncoordinated in both channels between individuals but coordinated multimodally within individuals (Figures 2 and 3) .
DISCUSSION
Precise coordination of the vocal and visual components of the magpie-lark's duets enhanced the receiver's responses to these joint displays. The experiments showed that full coordination between and within modalities (T1) increased the responses to duet stimuli compared with duet stimuli uncoordinated between individuals but coordinated within an individual (T4) or duet stimuli with uncoordinated songs and movements within individuals but coordinated between individuals (T2, T3). Furthermore, duet stimuli coordinated either acoustically or visually but not between modalities (T2, T3) did not increase the perceived territorial threat of the display more than did displays that were coordinated multimodally but uncoordinated both acoustically and visually (T4). The fact that songs and movements affected the receivers in interaction suggests that birds responded to both types of coordination (Table 1 , case 5). Fully coordinated duets (T1) elicited stronger responses than uncoordinated duets (T2, T3, T4); however, it is unknown which levels of coordination were responsible for particular effects. The treatment design used in this study is limited because no experiment changed only within-individual multimodal coordination, only between-partner visual coordination, or only between-partner vocal coordination (Figures 2 and 3) . The third experiment changed both the vocal and visual coordination between individuals while maintaining multimodal coordination within individuals. The significant effect on receivers may therefore be ascribed to the change of coordination between individuals, though one could not conclude whether the effect was produced by the vocal elements, visual elements, or both. The first and second experiments varied multimodal coordination within individuals but also vocal or visual coordination between individuals. The significant effect on receivers in both experiments could be therefore an effect of any of these factors. It should be underlined, however, that as any change in vocal or visual coordination between individuals will decrease multimodal coordination within individuals (T2, T3), any change in multimodal coordination within individuals will lead to uneven changes in vocal and visual coordination between individuals. Combinations of treatments with independent factors cannot be arranged because a display with songs and movements coordinated between individuals but uncoordinated within individuals will have different tempos and lengths for each channel. Magpie-larks precisely match tempos within duet (Hall 2006) . Therefore, duets with songs and movements produced at different tempos might be identified as coming from different pairs. Furthermore, the use of isolated songs or movements cannot substitute for multimodal treatments because magpie-lark's songs and movements transfer different information (Ręk and Magrath 2016) . Birds respond to visual-only duets but in a different way than to purely vocal duets (Ręk and Magrath 2016) . Thus, the comparison of coordinated and uncoordinated movements without accompanying songs is unlikely to show any effect of coordination. Overall, the results suggest that both levels of coordination contribute to the multimodal signal function, because coordination between modalities and between individuals is causally interconnected. Uncoordinated movements made the coordinated vocal duets as ineffective as duets with uncoordinated songs (T2 ≈ T3), demonstrating that as long as both channels are within the perceptual range of the receiver, they are processed together. Previous research on the magpie-lark showed some benefits of purely vocal coordination (Hall and Magrath 2007) . However, magpie-larks duet from exposed spots, and almost all their duets are accompanied by a visual display (Ręk and Magrath 2016) , meaning that a high proportion of their duets must be perceived as audio-visual. One explanation for why acoustic coordination did not enhance the responses to displays in combination with uncoordinated movements was that multimodal uncoordination deteriorates the intelligibility of the signal (Ghazanfar and Takahashi 2014) . Empirical research on multisensory integration across a variety of species showed that the temporal and spatial congruence of components across modalities is a major determinant of multisensory integration (Talsma et al. 2010) , whereas a lack of coordination disrupts these tight links, leading to response depression (Stein and Stanford 2008) . Thus, the signal should be coordinated multimodally in order to be properly understood.
Coordination within a pair improved the efficacy of duets but only if songs and movements were equally coordinated between individuals. Birds responded less intensively to treatments fully uncoordinated between individuals (T4) than to fully coordinated treatments (T1) and similarly to treatments uncoordinated acoustically or visually between individuals (T2, T3), indicating that as long as individuals' displays are coordinated multimodally coordination between individuals enhances the responses to duets ( Table 1 ). The treatment with coordinated songs and movements within an individual and uncoordinated songs and movements between individuals (T4) reflects a common situation with 2 independently signaling (noncooperating) birds, such as unpaired neighbors, that happen to sing and move simultaneously. Magpielarks' territories stick close together, and birds from neighboring pairs sometimes signal from a short distance to each other, resembling a pair. Therefore, coordination between individuals appears to reflect the quality of cooperation within a pair. The results from the third experiment do not explain which of the 2 modalities of change produced the effect on the receivers. Nevertheless, the fact that playbacks coordinated vocally and visually between individuals (T2, T3) prompted weaker responses than fully coordinated playbacks (T1) suggests that neither vocal coordination nor visual coordination is more important (Table 1) . Previous research on vocal coordination and on dances confirms that both vocal coordination and visual coordination within a group of signalers may contribute to the efficacy of cooperative displays (Hagen and Bryant 2003; Hall and Magrath 2007) .
Visual coordination may have evolved to maintain signal reliability in duet communication (Ręk and Magrath 2017) . Magpielarks live in an open habitat with scattered trees, so they can be visible from a distance of hundreds of meters. Their movements are closely coordinated with their songs and therefore clearly link the songs with the singers so that the receiver can link singers with signals of particular quality. In contrast, some duetting species that inhabit dense vegetation do not produce any distinct visual displays (Kovach et al. 2014) . These species can distinguish between coordinated and uncoordinated duets (Fortune et al. 2011 ), but surprisingly, vocal coordination has little or no effect on their responses to duets (Kovach et al. 2014) . These contrasting examples suggest that coordinated visual displays may have evolved to enhance the efficiency of coordinated vocal duets in species living in open habitats. Nonetheless, we still know very little about the occurrence and diversity of body movements among duetting species, including even anecdotal descriptions and amateur internet videos, to warrant strong conclusions.
SUPPLEMENTARY MATERIAL
Supplementary data are available at Behavioral Ecology online. Figure 2 displays the results.
